We modified the Kamovsky and Roots method of staining sites of acetylcholinesterase (AChE) activity at neuromuscular junctions (NMJs) to survive the lengthy, multiple steps of in situ hybridization and autoradiography. When the original method of Kamovsky and Roots is used to identify the musde endplates, the stain does not survive the in situ hybridization procedures and association of mRNA to specific endplates can be iderred only indirectly. The successful modification involves secondary staining with diaminobenzidine (DAB) and H202 using the Kammkj-hts staining reaction product as a catalyst. Mounted longitudiaal agosections of mouse stemodeidomastoid musde were fd and stained in one step on the slide with paraformaldehyde plus the Kamovsky-Roots stain, followed by DAB-H202 secondary staining. The tissues were then p d for in situ hybridization and probed for the acetylcholine receptor (AChR) &-subunit "A, known to be localized at the NMJ.
Introduction
Autoradiographic or colorimetric localization of mRNAs in tissues by in situ hybridization is meaningless ualess anatomic structures (or markers) with which the "As are associated are identifiable. Many specific proteins are localized at the neuromuscular junction (NMJ) and it is of interest to idenufy and localize their associated "As.
The high concentration of acetylcholine esterase (AChE) provides a useful marker of the mammalian NMJ. One extensively used method of idenufying NMJs is that of Kamovsky and Roots (5). which is based on enzymatic deawge ofacetylthiocholine by AChE. The resultant product, thiocholine, reduces ferricyanide to ferrocyanide. which then combines with Cu++ ions to form the insoluble copper ferricyanide also known as Hatchett's Brown.
When this method of staining is followed by in situ hybridization ofthe tissue, the precipitated endproduct is removed and endplate identity is lost. Therefore, the localization of endplate-specific "As has had to rely on an indirect method whereby the location of the endplates was first documented by photography (after staining) and later matched up with grains detected in the final autoradiograph. For example, the "As for both the a-and the &subunits, characteristic of adult junction AChRs (1.14). have been detected by in situ hybridization at muscle endplates, identified by the aforementioned protocol (1,2). This method, however, is tedious, indirect, and can lead to both false-negative and false-positive identification of labeled endplates.
In this study we examined whether endplate stain can be retained after in situ hybridization and autoradiographic procedures, by applying the amplification of the Kamovsky-Roots stain previously described (8J3). When the copper ferrocyanide precipitate of the Karnovsky-Roots stain was exposed to diaminobenzidine (DAB) and H202, a visible precipitate was formed at the site of the muscle endplate. We find that the resultant visible precipitate persisted through in situ hybridization and autoradiography and could be used with different musde preparations. When protected from the emulsion by a carbon layer, no chemographic effect was seen, and successful in situ hybridization of identified endplates was accomplished.
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Materials and Methods

Tissue Preparation.
Three different tissue preparations were tested. Cryosections of either fiied or unfixed muscle and pre-fied teased muscle fibers were prepared from innervated mouse sternocleidomastoid muscles. Unfixed sternocleidomastoid muscles were taken from anaesthetized mice (under conditions approved by the United States Institutional Animal Care and Use Committee, protocol No. 84-189-90) and immediately put into ice-cold autoclaved 1 x PBS (in mM: 138 NaCI, 2.7 KCI, 10 NazHP04, 1.8 kHzP04) supplemented with 10% sucrose. To prepare prefixed muscles, anesthetized mice were perfused intracardially with 4% paraformaldehyde->% sucrose before muscles were removed and were then treated as above. Using the nerve stub as a guide, the endplate region of either unfixed or prefixed muscles was quickly isolated. The endplate regions were further divided longitudinally into two blocks. Each endplate block was rinsed in cold 10% sucrose, placed on a platform of ice on a cryostat chuck with 10% sucrose as mounting medium, and quickly frozen by immersion in liquid nitrogen. After a 30-min equilibration time to the temperature ofthe cryostat (approximately -21 to -24"C), 30-mm longitudinal cryosections were cut and lifted ontoslides coated with 2% 3-aminopropyluiethoxysilane (Aldrich; Milwaukee, WI) and dried in the freezer (-2O'C).
Teased fibers were prepared from sternocleidomastoid muscle pre-fured first by whole-body perfusion as described above and then by immersion in 4% paraformaldehyde in PBS for ml hr. After the endplate regions were isolated, individual musde fibers were teased apart within a droplet ofautoclaved water on aminopropyltriethoxy-silane-coated slides. After teasing, the fibers were air-dried. The tissue (cryosections or teased fibers) on the slides were then stored in light-tight boxes (with Dryrite) at -2O'C for at least 1 day and no more than 2 days. Both sections and fibers adhered well if left overnight at -20°C but tended to float off if used within the same day of sectioning. washed with 95% ETOH, air-dried, and brought up in hybridization b&er [SO% deionized formamide, 4 x SSC (in mM: 600 NaCI, 60 Na-citrate, pH 71, 5 x Denhardt's reagent (1 mglml Ficoll400, 1 mglml polyvinylpyrrolidine, 1 mglml bovine serum albumin), 10% dextran sulfate, and 100 mglml SSDNA]. An aliquot of the probe in hybridization buffer was diluted 1:loO in 0.2 M EDTA and triplicate sampling onto DE81 anion exchange filter papers was counted to determine the concentration of the probe. The probe was usually used the next day and was stored at -2O' C for no more than 1 week.
In Situ Hybridization. Tissue on slides was pre-hybridized at 45'C for 4 hr with a buffer consisting of 50% deionized formamide, 4 x SSC, 5 x Denhardt's reagent, 10% dextran sulfate, and 100 mglml SSDNA. After incubation, the pre-hybridization buffer was removed and replaced with 20 pl hybridization buffer containing everything in the pre-hybridization buffer plus nanogram amounts of labeled 42-mer. A coverslip was placed over the hybridized area and the slides were then placed in a moist, closed plastic box and hybridized overnight at 45'C in a water bath. After hybridization, the coverslips were washed off by dipping into 4 x SSC. Slides were washed in slide mailers (Evergreen; Los Angeles, CA) with 4 x SSC, 50 mglml SSDNA, 1 x Denhardt's reagent, followed by washes in 2 x SSC, 1 x SSC and finally in 0.1 SSC, all for 5 min each at room temperature (RT). The sections were then dehydrated in increasing concentrations of ETOH and air-dried. Control sections were pre-treated with 0.1 mg/ml RNAse A in 4 x SSC at 37'C for 30 min. A second set of controls went through the hybridization without the radioactive probe. Primary Endplate Staining. Fixation of muscle cryosections and fibers, and thus immobilization of AChE, was combined with the KarnoMky-Roots method for localizing AChE activity to reduce the number of tissue processing steps before hybridization. Briefly, 2 x Karnovsky-Roots solution (pH 7.4) in PBS was diluted 1:1 with an 8% paraformaldehyde solution ( 5 ) . A drop of the stain in paraformaldehyde was placed over the tissue on the slide for 10 min and then rinsed in autoclaved, distilled deionized Hz0 (ddH20).
Repvation of Autoradiograph. Autoradiographs were prepared as previously described (4) . Briefly, the air-dried sections were covered with an -1O-nm layer of carbon by evaporation to prevent chemography and then coated with a double layer (as judged by its red interference color) (3, 10, 12) of Ilford L4 emulsion (Ilford Knutsford, Cheshire, UK) which had been prepared as a stripping film on collodion-coated slides (6.9). The emulsioncoated tissue was stored at 4°C in black. light-tight boxes, exposed for 3-6 weeks, and developed in D19 (Kodak) for 3 min at RT and fured in nonhardening fwr [1.25 M sodium thiosulfate and 0.11 M potassium metabisulfate (pH 4)] for 2 min at RT Loss of Karnovsky-Roots AChE Stain by Solutions Used in In situ Hybridization and Autoradiography. Muscle tissue, fixed and stained in the one-step procedure outlined above, were incubated in all the different solutions used in hybridization and autoradiography and examined after each step to test which solutions caused the removal of the copper ferrqanide (Hatchett's Brown) precipitate of the Kamovsky-Roots stain. These included solutions used for acetylation (0.3% acetic anhydride in 0.1 M triethanolamine), for in situ hybridization such as 4 x SSC (600 mM NaCI, 60 mM sodium citrate), for ethanol dehydrations (50%, 75%. and 95%), for photographic developing (D19; Kodak, Rochester, NY), and for fixing (1.25 M sodium thiosulfate and 0.11 M potassium metabisulfite).
Secondary Endplate Staining. After the primary staining of the endplates, sections were incubated with 0.5 mglml DAB (8.13) in a solution containing 0.1% HzOz and 100 mM Tris (pH 7.6) for 30 sec-1 min and rinsed in autoclaved ddH2O. The sections were then dehydrated in 50, 70, and 95% ETOH (made with autoclaved ddH2O) sequentially for 5 min each, air-dried, and immediately processed for in situ hybridization.
Prrpvation of Probe. A 42-base-long oligomer (synthesized by the Corne11 Oligonucleotide Synthesis Facility), specific and complementary to the AChR &-subunit mRNA was hot-tailed with [a-33P-dATP (NEN Dupont; Boston, MA) and terminal deoxytransferase (Promega; Madison, WI). Briefly, the radioactive nucleotide and the 42-mer were added in a ratio of 10:1 and the reaction allowed to proceed for 1-2 hr at 37'C. Filter assays used in the determination of percent incorporation and specific activity were done in triplicate for accuracy. The probe was separated from free nucleotides with the Nuc-Trap Push columns (Stratagene; La Jolla, CA) and stored at -2O'C. The probe was concentrated by precipitation with 1llOth volAnalysis of Autoradiographs. Sections on slides were viewed with Normarski optics (Leitz Aritoplan microscope) under oil immersion at a mag nification of x 1250. Developed grains were counted by visual inspection using a reticule in one of the oculars with grid squares of 25 pm'. On each slide, 10 endplates and 10 non-endplate areas over muscle were examined. Each endplate was sampled by counting the grains that fell within four reticule squares overlying stained endplates. Each non-endplate muscle area was sampled by counting grains within six squares on the same muscle fibers but at least 150 pm away from the endplates. Background grains were also counted over emulsion not over muscle tissue (six reticule squares of five different off-tissue areas per slide). The number of grains over non-endplate areas was compared with that over endplate areas after emulsion background was subtracted.
Results
Loss of Endplate Stain During In Sztu Hybridization and Autoraa'iograpby
Tissue that had been fixed and stained for AChE by the Karnovsky and Roots method was subjected to incubation in different solutions used in both the in situ hybridization and autoradiography procedures. Only two of the solutions tested resulted in removal of the copper ferrocyanide (i.e., Hatchett's Brown) precipitate. Four hours to overnight incubation in 4 x SSC (600 nM NaCI, 60 mM Na-citrate), a component of the pre-hybridization and hybridization solutions, at elevated temperature (45-55°C) resulted in loss of stain. Specifically, the Na-citrate is responsible for the removal of the precipitate, since NaCl did not have the same effect. How the Na-citrate specifically affects the final precipitate is not known. Citrate is a copper chelator and may disrupt the copper ferrocyanide, the final colored precipitate in the Kamovsky-Roots stain. In their original publication, Kamovsky and Roots ( 5 ) noted that at areas of high AChE activity it is necessary to lower the pH to 5.0 or less to prevent diffusion of the final precipitate, yet the pH is maintained at approximately pH 7.0 in all steps of the hybridization procedure. The coupling of high citrate concentration at elevated temperature and pH 7.0 may have disrupted the copper ferrocyanide endproduct.
The second solution that resulted in removal of the copper ferrocyanide staining was the non-hardening fixer used in the development of the autoradiograph. A 2-min incubation at RT in the fixer containing 1.25 M sodium thiosulfate and 0.11 M potassium metabisulfate (pH ~4 ) was sufficient to remove the stain. The reason for the loss of the stain in the fixer was not clear.
Persistence of Endplate Stain A#er Seconabry Staining
The copper ferrocyanide precipitate of the Kamovsky-Roots stain has a peroxidase-like activity (13) which in the presence of H202 results in the oxidation of DAB, forming a visible precipitate. We found that the secondary staining with DAB and H202 was stable and prevented the loss of the stain in the final in situ autoradiographs on all tissue preparations examined. These tissues included unfixed and perfusion-fmd uyosMions and perfusion-fixed teaxd fibers. However, since the staining protocol worked equally well with all three tissue preparations and since preparation of unfixed cryosections was the easiest and most rapid, we continued our experiments with this latter method.
The sections in Figures la-1c were fixed and stained in one step with 4% paraformaldehyde and Kamovsky-Roots stain, followed by secondary staining with DAB and H202. The sections were then hybridized in situ with a 33Flabeled 42-base-long oligomeric probe specific for the c-subunit of murine AChR, known to be localized to endplates. The primary stain was greatly intensified by DAB treatment but the intensity of the endplate stain decreased after hybridization, since the primary precipitate is removed, leaving the DAB stain.
AChR c-subunit mRNA at Stained Endplates
Figure la shows a 30-pm thick longitudinal cryosecuon of innervated mouse stemocleidomastoid muscle viewed with Normarski optics under oil immersion. Specific grains are localized at five stained endplates. Figure IC shows a higher-magnification photomicrograph of one stained endplate, indicated with an arrow in Figure la . On average, in eight experiments and ~2 5 0 endplates counted, we found that the number of grains over endplate regions was 3.42 i 0.16 that of non-endplate muscle background (mean i SEM) (lible 1). The dfierence between the endplate and nonendplate muscle counts was highly statistically significant by analysis of variance (ANOVA,p<O.Ol). No attempt was made to determine whether full-length probes would hybridize more dficiently.
In contrast, in control sections treated identically to the experimental sections but in which the 33Flabeled probe was omitted ( Figure Ib) , the average number of grains over endplate regions was 0.82 It 0.26 that of non-endplate muscle background ( Table  1) . The endplate and non-endplate counts were not statistically different (ANOVA, pX.5). Therefore, the endplate stain itself did not cause positive chemography (i.e., grains caused by a chemical interaction between tissue and emulsion).
In a second set of control sections pre-incubated with RNAse (100 pg/ml) and probed with the labeled oligomer, there were larger numbers of muscle background grains than in those not treated with RNAse, probably owing to nonspecific binding sites revealed by RNAse treatment. However. in these tissues there also was no significant difference between the number of grains over endplate and that over non-endplate mwle areas (ANOVA, pX.5). The number of grains over endplate areas was on average 1.18 2 0.17 that over non-endplate regions (Table 1 ). This control also shows that negative chemography (i.e., loss of grains over the stained tissue) does not occur with this method. Our studies were performed with Ilford L4 emulsion. Other emulsions, such as the Kodak NTB types, may be more sensitive to chemography and must be individually assessed.
Discussion
Maintenance of AChE Stain During In Situ Hybridization
The results in this study show that identification of NMJs can be maintained throughout the in situ hybridization procedures by DABH202 secondary staining of sites at which Karnovsky-Roots stain is deposited. Hatchett's Brown (copper ferrocyanide) has a peroxidase-like activity which, in the presence of H202, oxidizes DAB, forming the second visible precipitate at the endplates (13).
In this study we found that this second precipitate persists through hybridization and photographic processing.
The DAB-H202 treatment after the Karnovsky-Roots staining greatly intensifies the stain at the endplate. However, after hybridization the intensity of the endplate stain is decreased, as the primary copper ferrocyanide precipitate is removed, leaving only the oxidized DAB precipitate at the endplate. Short incubation times (30 sec-1 min) with DAB-H202 were used to keep the intensity of the stain in the final autoradiograph low so as not to obscure the silver grains. If the photographic emulsion is protected from the stained endplates, neither positive nor negative chemography
In addition, we propose that other cytochemical methods that rely on DABH202 visualization of molecules of interest can similarly be used in conjunction with in situ hybridization and autoradiography.
occurs.
Use of 33P for In Situ Hybridization
We successfully used 33P-labeled probes confirming earlier studies (3, 7, 10, 11) which predicted that 33P would be a usable isotope for in situ hybridization. 33P is preferable to 3% for in situ hybridization because it eliminates one potential problem of background due to disulfide bonding with nonspecific sites on the tissue. Higher specific activity of the probe can be obtained, as the half-life of 33P is shorter (25.4 days) than that of 3sS (87.6 days). In addition, the energy of 33P (0.26 MeV), which is comparable to that of 45Ca, is only a factor of 1.5 higher than that of 35S (0.17 MeV) or 14C (0.16 MeV). The autoradiographic sensitivity (3) and resolution (11, 12) to 33P are therefore not much different from those with 31S (14C).
The ability to perform in situ hybridization with stained endplates now allows quantitative assessments of "As of large populations of consistently identified neuromuscular junctions.
